ABSTRACT: Anaerobic ammonium oxidation (anammox) and denitrification were measured in the open sea and coastal accumulation basins of the Gulf of Finland. The different methods used gave conflicting results on the importance of the anammox process in the sediments. Anammox generally contributed less than 20% to the total N 2 production, and no anammox was found in a shallow inner estuary basin. However, the discovery of the anammox process in the open sea sediments challenges the denitrification measurements made in the area, as the coexistence of anammox and denitrification compromises the central assumptions behind the method used in denitrification measurements and causes overestimates of the N 2 production. The high 15 NO 3 -incubation concentration used in Baltic Sea denitrification measurements exacerbates this overestimation, which is likely to have been substantial.
INTRODUCTION
The Baltic Sea is among the largest brackish water basins in the world. It features several special characteristics, including a surface salinity range of 2 to 20 due to extensive river discharge in the north and a connection to the North Sea in the south, severe salinity stratification with limited water exchange between the layers, and seasonal thermal stratification with surface temperatures ranging from ice cover in winter to more than 20°C in mid-summer. The Baltic Sea is one of the most eutrophied marine waters in Europe, and recently a self-sustaining 'vicious circle' has been suggested to operate there (Vahtera et al. 2007) . In this concept, the internal loading of phosphorus (P) from anoxic sediments lowers the nitrogen (N) to P ratio in the surface waters and thereby promotes the growth of N-fixing cyanobacteria in late summer. Outside the growing season, the mineralization of these bacteria releases fixed N, which is used during spring blooms. The heavy spring algae (mainly diatoms) settle to the sea floor, and their mineralization consumes oxygen, further increasing the internal P loading from the sediments. The internal loading counteracts the efforts to control eutrophication by reducing the external load (Pitkänen et al. 2001) . The easternmost arm of the Baltic Sea, the Gulf of Finland, is its most eutrophied sub-basin (HELCOM 2002) . The gulf is directly connected to the Baltic Proper at its western end and is under the influence of the River Neva at the eastern end. In the easternmost part of the gulf, primary production is limited by P availability, whereas the central and western parts are N limited (Kivi et al. 1993 , Pitkä-nen & Tamminen 1995 . Annually, ca. 120 000 t of N enter the Gulf of Finland (Kiirikki et al. 2003) . A major sink for the N loading is benthic denitrification, a microbial process in which nitrate is sequentially reduced to nitrogen gas: 2 NO 3 -+ 10 e -+ 12 H + = N 2 + 6 H 2 O (1)
Denitrification has been studied in the open sea accumulation bottoms of the gulf, and about 45 000 t N, corresponding to about 40% of the annual N loading, has been calculated to be removed by denitrification (Tuominen et al. 1998 ). Earlier, denitrification was seen as the only process that removed fixed N from the water ecosystem. A decade ago, another N-removing process, anaerobic ammonium oxidation (anammox), was discovered in wastewater treatment plants , and later also in marine sediments , Trimmer et al. 2003 . In this process, microbes oxidise ammonium with nitrite to form nitrogen gas:
The accumulating knowledge about the process and the microbes responsible for it has recently been excellently reviewed by Dalsgaard et al. (2005) . In marine sediment, both N-removing processes can proceed at the same time. The coexistence of anammox and denitrification, however, compromises the central assumptions behind the method used in denitrification measurements, the isotope pairing technique (IPT; Nielsen 1992 , the anammox process produces 14 N 15 N, leading to violations of the assumptions of concentration independency and binomial distribution of the products. Thus, the coexistence of anammox and denitrification leads to overestimates of the N 2 production when measured using the IPT, and the magnitude of the error is related to the 15 NO 3 -concentration used in the incubation. Anammox was recently found at a coastal station in the northern Gulf of Finland (Hietanen & Kuparinen in press) . Had the anammox not been taken into account, the N 2 production would have been overestimated by 50%, even though anammox contributed only 10 to 15% to the total N 2 production (Hietanen & Kuparinen in press) . From these findings arose a need to evaluate the validity of the denitrification estimates calculated for the Gulf of Finland, using the IPT, before the discovery of the anammox process.
Two techniques are currently used to estimate the contribution of anammox to the total N 2 production in sediments where both processes exist. In the first technique, a revised IPT (r-IPT), parallel series of intact samples from the same site are incubated with different concentrations of 15 NO 3 -. The true 14 N 14 N production rate is calculated using the production rates of 14 N 15 N and 15 N 15 N pairs in the different concentrations and the ratios between the concentrations (RisgaardPetersen et al. 2003 (RisgaardPetersen et al. , 2004 . The site-specific, intact core r-IPT gives the best estimates of the in situ anammox and denitrification activity because it does not require the destruction of the natural stratification in the sediment. It also measures the activity of the whole sediment core instead of a selected layer. However, it requires minimal sediment heterogeneity, as high scatter in the raw data can mask significant differences in rates (Trimmer et al. 2006) . The slurry incubation technique is based on collecting the active layer of sediment, thus breaking the chemical stratification of the sediment, and the processes are not necessarily measured in the layer in which they are at their most active. Therefore, it is prone to underestimating anammox and consequently overestimating the true N 2 production rate (Trimmer et al. 2006 ). However, it has been the only option for measuring anammox in sediments that show high heterogeneity, preventing the use of the intact core technique. A new direct technique was only recently developed based on 15 N labelling of the N 2 O that is produced as an intermediate in denitrification, but not anammox (Trimmer et al. 2006 ). This novel application of the IPT enables denitrification and anammox in intact cores to be measured even in highly heterogeneous sediments.
This study presents results from N 2 production measurements, made using the r-IPT and slurry approaches, from the Gulf of Finland.
MATERIALS AND METHODS
Intact core measurements 1997. Tuominen et al. (1998) used the IPT to measure denitrification in the Gulf of Finland, at Stn JML at the entrance to the gulf and Stn GF2 in the central gulf, in July 1997 (Table 1 ). Measurements were made at different 15 NO 3 -concentrations, and some of the results have been published (Tuominen et al. 1998 ). However, the incubation concentration dependency of the D14 (N 2 production based on the naturally occurring nitrate) estimate was not statistically analysed or discussed. I was permitted to use the original data to analyse the concentration dependency and, as some of the results showed significant dependency, to recalculate the denitrification estimates using the r-IPT.
Intact core and slurry measurements 2004. In 2004, denitrification and anammox were measured at 2 neighbouring stations in the central Gulf of Finland (Stns GF2-B and GF2-K, in April) and at a coastal station in the northern Gulf of Finland (Stn AHLA, in August; Table 1 ). Sediment samples were taken with a Gemax twin corer (inner core diameter 9 cm).
For r-IPT, 3 sets of 3 replicate subsamples were collected in clear plastic (acrylic) cores (diameter 2.6 cm, height 9 cm) by taking 3 subsamples from each of 3 Gemax cores and dividing these in different treatments by using a randomised block design. About half of the subsample core was filled with the sediment and half with the water from above. Samples were enriched with K 15 NO 3 (98 atom%, Cambridge Isotope Laboratories) to final concentrations of 50, 100 and 200 µm 15 NO 3 -in the overlying water, and incubated with a magnetic stirrer on the lid of the cores at in situ temperature in darkness for 3 h. The biological activity in the samples was terminated by adding 1 ml of 100% ZnCl 2 , and the samples were carefully mixed with a glass rod. Subsamples of the slurry were transferred to gas-tight 12 ml vials (Exetainer, Labco) into which 250 µl 100% ZnCl 2 were pipetted beforehand. These were sent in to the National Environmental Research Institute, Silkeborg, Denmark (NERI), for analysis of N 2 isotopic composition.
For slurry measurements, sediment from 3 replicate cores was combined. All handling of the sediment was done under an N 2 atmosphere. The top 0.5 cm of surface sediment, which is the depth of the NO 3 -peak in the sediment (Mäkelä & Tuominen 2003) , was removed from the cores, and the next 2 cm were collected, giving 380 ml of sediment altogether. The collected sediment was slurried with 380 ml of nutrient-free, anoxic (N 2 -bubbled) artificial seawater (Reef Crystals, Aquarium Systems) of the same salinity as the bottom water at the study site (10 psu at the central and 5 psu at the coastal stations). The slurry was divided into 3 batches, which were enriched to a final concentration of (1) 300 µM 15 NH 4 Cl (98 atom%, Sigma-Aldrich), (2) 300 µM 15 NH 4 Cl and (3) 100 µM K 14 NO 3 , and 100 µm K 15 NO 3 (98 atom%, Cambridge Isotope Laboratories). The enriched slurries were divided into gas-tight, glass centrifuge tubes (30 ml) and incubated at in situ temperature in darkness. A sample of slurry was taken before and 1 sample from each batch right after adding the isotopes. Thereafter, 1 sample from each batch was taken at approximately 1, 6, 18 and 24 h from the beginning of incubation. The samples were centrifuged (10 min, 800 rpm [135 × g]), and for N 2 isotopic composition analysis, 5.9 ml of supernatant were transferred to gas-tight vials (Exetainer, Labco) and 100 µl ZnCl 2 (100%) were added. Next, 2 ml of supernatant were filtered (pre-washed Acrodisc Supor 0.8/0.2 µm, 32 mm, Pall Life Sciences) into a plastic test tube and frozen until the analysis of the isotope labelling of the NH 4 + pool. The isotope analyses were performed at NERI. The rest of the supernatant was filtered (pre-washed Acrodisc Supor 0.8/0.2 µm, 32 mm, Pall Life Sciences) and used for nutrient measurements. Ammonium was measured spectrophotometrically according to Koroleff (1983) , and combined NO 2 -/NO 3 -was measured using a biosensor (Unisense) calibrated in increasing NO 3 -concentration series prepared in nutrient-free artificial seawater (Reef Crystals, Aquarium Systems) of the same salinity as the samples.
RESULTS

Revised isotope pairing technique
In July 1997, the denitrification estimate was concentration dependent at both of the stations studied (ANOVA, Stn JML p = 0.04, Stn GF2 p = 0.01; Fig. 1 the results using the r-IPT, using all possible permutations, lowered the estimate and narrowed its range to 30-40 µmol N m -2 d -1 (Fig. 1) . In the central Gulf of Finland (Stn GF2), the IPT gave rates that varied between 135 and 550 µmol N m -2 d -1
. The r-IPT decreased the estimate and reduced the variation to 100-130 µmol N m -2 d -1 (Fig. 1) . In April 2004, no statistically significant concentration dependency was found at Stns GF2-B and GF2-K (randomised blocks ANOVA, p = 0.10 and 0.25). To compare the techniques, the results were recalculated using the r-IPT. The classical IPT resulted in rates of 170 to 320 and 160 to 190 µmol N m To compare the techniques, the results were recalculated. However, the slightly decreasing values along with the increasing concentration in the original data complicated the calculations, producing negative results in the calculations. When these were omitted from the data, the new estimates varied between 180 and 270 µmol N m -2 d -1 , and the standard deviation was high (Fig. 1) . The contribution of anammox was calculated to range from 4 to 9%, which clearly was an artefact resulting from omitting the negative results in the calculations, as no other evidence of anammox could be found. 
Slurry technique
At Stns GF2-B and GF2-K, the added NO 3 -was used very fast, and less than 10 µm NO x -was measured in the samples 6 h after addition (Fig. 2) indicating a lack of anammox process in the samples. However, in the samples enriched with 15 NO 3 -, the contribution of anammox to the total N 2 production (ra), was calculated to be 17% at Stn GF2-B and 7% at Stn GF2-K. These estimates of ra were used to recalculate the results from the intact core incubations made at the different 15 NO 3 -concentrations. In both cases, the recalculated N 2 production rates were independent of the incubation concentration and showed lower averages than the estimates made using the IPT (Fig. 1) . (Fig. 2) , and the contribution of anammox to the total N 2 production was calculated to be 0.9%. This estimate of ra was used to recalculate the results from the intact core incubations, but as the contribution of anammox to the total N 2 production was minimal, the new N 2 production estimate did not differ from the IPT denitrification estimate (Fig. 1) .
DISCUSSION
Anammox in Gulf of Finland sediments: conflicting experimental data
In July 1997 measurements, concentration dependency of D14 was detected at both open sea stations (Stns GF2 and JML) studied. Using the r-IPT removed the concentration dependency, indicating anammox activity. In April 2004, D14 showed no significant concentration dependency at the open sea stations GF2-B and GF2-K, but when N 2 production was recalculated according to r-IPT, anammox was found to contribute up to 20% of the total N 2 production. This could reflect sediment heterogeneity shown in the high standard deviation in the original results, concealing the significant differences and causing variation in the recalculated estimates. However, these showed narrower ranges and lower values than the original ones and were concentration independent. The estimates of ra, calculated from the slurry incubations with 15 NO 3 -, were nearly the same as the corresponding values (A%) calculated from the intact core measurements (Table 2 ). Consequently, the N 2 production estimates derived using the 2 different calculation routines did not significantly differ from each other (Fig. 1) The added 15 NO 3 -disappeared from the slurry incubation vials 3 to 30 times faster than labelled N 2 was produced (Fig. 2) . The added 15 NO 3 -may have adsorbed to the sediment particles, been assimilated by sediment bacteria, or been reduced to ammonium in DNRA. The latter is usually considered to be of minor importance in natural sediments and to occur mainly in organically enriched environments, such as fish farm sediments (Hattori 1983 , Christensen et al. 2000 . However, Karlson et al. (2005) found that DNRA represented a major pathway of nitrate removal in laboratory experiments in which reduced Baltic Sea sediments were used. In addition, anammox bacteria were recently shown to convert nitrate to ammonium, even in the presence of external ammonium (Kartal et al. 2007 75 and 55 µM of 15 NH 4 + were produced at Stns GF2-B, GF2-K and AHLA, respectively, during the incubation. Using the adsorption coefficients measured for the NH 4 + in the slurry incubations (2.4, 1.2 and 2.0) and the total NH 4 + concentration measured in the samples (Fig. 2) gives the labelling percentage of the NH 4 + pool at the end of the incubations as 52% at Stn GF2-B, 72% at GF2-K and 11% at AHLA. This would result in severe underestimates of anammox, as the 30 N 2 production by anammox would be falsely interpreted as denitrification. Consequently, the true N 2 production rate would be overestimated. As DNRA was not directly measured, the extent of the bias in the rates cannot be calculated, and these values must be seen as the highest errors possible. Some support for the speculation of a DNRA-based bias can be seen in the 29 N 2 / 30 N 2 ratio in the slurry incubations with 15 NO 3 -( Fig. 2) . At Stn GF2-B, the ratio decreased toward the end of the incubation, indicating increased production of 30 N 2 at the expense of 29 N 2 . The same effect, but to a lesser extent, can be seen at Stn GF2-K, but not at Stn AHLA, where no anammox was found. Also, the concentration of NH 4 + increased at the GF2 stations (but not at Stn AHLA) throughout the incubation, although as the 15 NH 4 + labelling percentage was not measured, it is not possible to confirm whether it originated from the DNRA of the added 15 NO 3 -, or from the mineralising of the natural N compounds in the sediment. The production of 29 N 2 only in the slurry incubation with added 15 NH 4 + and 14 NO 3 -is considered to prove the existence of the anammox process in the sediment, and the lack of 29 N 2 production therefore indicates a lack of the process. However, DNRA may cause misinterpretations of the data here as well. In the experiments reported here, the added 14 NO 3 -disappeared from the vials extremely fast (Fig. 2) Nielsen 1992 ), the method may still not be sensitive enough to detect such small changes in concentrations, as can be seen in the decreasing values over time at Stn GF2-B. The total concentration of labelled compounds is higher in incubations with 15 NO 3 -, increasing the accuracy, as both denitrification and anammox participate in producing labelled N 2 . Therefore, the failure to prove the existence of the anammox process in the slurry incubations with added 15 NH 4 + and 14 NO 3 -can either mean that the process really does not exist in the sediments, or that it cannot be measured reliably using such a setup in sediments that express DNRA activity.
Effect
Effect of DNRA in the IPT
In the IPT, 15 NO 3 -is added to the water overlying the sediment in the intact sediment cores. From there it diffuses to the NO 3 -reducing zone in the anoxic sediment, where it can be denitrified, used in the anammox process or reduced to 15 NH 4 + in DNRA. As in the slurry incubations with added 15 NO 3 -, the 15 NH 4 + emerging from DNRA would enable 30 N 2 production by anammox and result in an underestimate of anammox and an overestimate of the true N 2 production rate. In the slurry measurements, the added 15 NO 3 -disappeared completely in less than 3 h. Time-series measurements made in the Gulf of Finland sediments earlier showed that the denitrification rate is independent of the incubation time at the open sea stations JML (mouth of the Gulf of Finland) and F41 (eastern Gulf of Finland) at least for 5 h (Tuominen et al. 1998) , and at the coastal station in the northern Gulf of Finland (Tvärminne Storfjärden) at least for 6 h (S. Hietanen & J. Kuparinen unpubl.) . These findings suggest that DNRA did not affect NO 3 -availability or the 14 NO 3 -/ 15 NO 3 -ratio in the NO 3 -reducing layer at the time of the measurements. At Stn GF1 (central Gulf of Finland), large variation in the results was found after 5 h of incubation (Tuominen et al. 1998) . Such variation may have been caused by decreasing oxygen concentration, affecting the 14 NO 3 -production by nitrification, or by DNRA, lowering the availability of the NO 3 -.
Significance of anammox in Gulf of Finland sediments
In the experiments reported here, the existence of anammox in sediments of the Gulf of Finland could not be proven beyond doubt, and neither could it be dismissed, except in the coastal station where no indication of anammox was found. All factors recognised to possibly cause errors in the measurements bias the results toward underestimating the process rather than exaggerating it. Therefore, according to the prudence principle, it seems reasonable to assume that anammox does exist in these sediments. The discovery of anammox in the Gulf of Finland has larger ramifications for our view of the N budget of the gulf than one would expect from the low activity detected. The coexistence of anammox and denitrification leads to overestimates of the N 2 production when measured using the IPT. This overestimation is positively related to the concentration of 15 NO 3 -added to the system (RisgaardPetersen et al. 2003) . Since the mid-1990s, denitrification has been measured in situ as well as in laboratory experiments from sediments of the northern Baltic Sea, using the isotope pairing technique (Tuominen et al. 1998 , Gran & Pitkänen 1999 , Autio et al. 2003 . In these measurements, a high concentration of 15 NO 3 -was used, based on the paper by Tuominen et al. (1998) . In this paper, it was stated that denitrification was saturated at 100 µM of 15 NO 3 -in the water above the sediment, and that using such an admittedly high concentration did not change the first-order kinetics of denitrification, as could be seen from the linear increase of D15 (N 2 production based on the labelled nitrate) along the increased incubation concentration. These measurements, made before the discovery of anammox in marine sediments, were made to verify that the 14 NO 3 -was efficiently combined with 15 NO 3 -, hence confirming that there was no underestimation of the denitrification rate due to non-uniform mixing of the isotopes, caused by heterogeneity of the sediment (Nielsen 1992) . The measured coupled nitrification-denitrification was plotted against the incubation concentration, but not statistically analysed, and the deviations from the line were either explained by the lack of oxygen or simply omitted as technical problems due to the lack of a theoretical explanation. In the present study, anammox was detected in both open sea basins studied and explained the concentration dependency of the D14 estimate. Consequently, it is likely that denitrification rates have been overestimated in the Gulf of Finland and that this overestimation may have been substantial due to the high 15 NO 3 -concentrations used (Figs. 1 & 3, Table 2 ). In upcoming research, the contribution of anammox must be taken into account, at least by doing the concentration series measurements, as suggested by Risgaard-Petersen et al. (2003) . The high natural variability in the Baltic Sea accumulation sediments, already at the cm scale (Tuominen et al. 1998) , obviously calls for numerous replicates in the measurements in order to make reliable estimates. The recently published direct technique, based on 15 N labelling of the N 2 O, enables denitrification and anammox to be measured in intact cores even in highly heterogeneous sediments (Trimmer et al. 2006) . Therefore, although adding a rather complicated analytical procedure to the basic IPT, this new application may become the method of choice in future research on N 2 production in natural sediments. In addition to measuring the rates, the existence of anammox bacteria should be confirmed using biomarkers such as ladderane lipids typical of these bacteria or by molecular ecology. Both of these approaches have recently been reviewed by Schmid et al. (2005) .
As no data about the seasonal and spatial variability of the anammox rates from the Gulf of Finland are yet available, the true N 2 production rates cannot be reliably estimated. Both the N budgets and models, however, indicate that some 70 000 t N should be removed from the gulf annually (Perttilä et al. 1995 , Kiirikki et al. 2006 . This corresponds to a rate of about 450 µmol N m -2 d -1
, which is high compared to the N 2 production rates measured here. However, the high spatial and temporal variability in the sediment processes, caused by heterogeneity in the bottom topography, flow rates, environmental conditions and inter-annual changes in these, leave room for speculation. Obviously, there are still large gaps in our understanding of the N dynamics in the Gulf of Finland. As some of the highest N 2 production values have been measured from coastal and river estuarine basins, these seem , which is commonly used in Gulf of Finland denitrification measurements, calculated using 3 different approaches: (1) IPT (white columns), (2) r-IPT, and (3) slurry incubations combined with r-IPT (denitrification: light grey columns, anammox: dark grey columns) likely places to begin searching for the 'mysteriously disappearing N'. Future research should include at least measurements at shallow basins and transportation sediments, as well as seasonal dynamics of the river estuary N 2 production. These may yet prove to be the sites of more active N 2 production than the accumulation basins studied to date.
